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Abstract 
This article, in order to guarantee the stable mode transition in tandem turbo-ramjet engines, investigates the multi-objective 
and multi-variable goal programming algorithm. First, it introduces the structural features of the variable cycle turbo-ramjet en-
gines, the principles of selecting the mode transition operation point and the design parameters, and the characteristics of the 
turbofan mode and the ramjet mode. Second, a component-based variable cycle turbo-ramjet engine model is developed to simu-
late the mode transition process. Third, the Newton-Raphson algorithm is used to solve the multi-variable and multi-objective 
optimization problem. The results show that with the maximum residua of only 0.06%, this algorithm has an acceptable conver-
gence that meets the predetermined goals. Finally, the simulation shows that the stable turbo-ramjet mode transition could be 
realized with the mode transition control law developed by the algorithm. 
Keywords: propulsion; transition; goal programming algorithm; turbine-based combine cycle engine; turbofan engine; ramjet 
engine; hypersonic
1. Introduction1 
The turbine-based combined cycle engine (TBCC) is 
often recommended to be the propulsion system for the 
hypersonic civil aircraft with maximum Mach number 
over 4.0 thanks to horizontal takeoff, wide flight range, 
low emission, high reusability, reliability, cost-economy 
and otherwise[1]. However, the system integrating the 
turbofan mode with the ramjet mode poses formidable 
challenges to the system, amongst which the problem 
about smooth turbofan/ramjet mode transition could be 
counted to the most critical one around. 
During the period from 1989 to 1999, unabated ef-
forts on hypersonic transport propulsion system re-
search project (HYPR) research reaped a series of in-
spiring fruits in this respect [2-6]. Regrettably, little work 
has been concerned with handling the dialectical rela-
tionship between the selected engine cycle parameters 
and the mode transition stability. For the purpose of 
searching for the Pareto solutions to the optimization 
problems during the mode transition, M. Chen, et al.[7] 
introduced Latin orthogonal test. However, this method 
is deficient in consuming too much time because all the 
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tests with varied engine cycle parameters should be 
conducted from the very beginning to compare the ad-
vantages and disadvantages of different trials. In addi-
tion, the solution by approach might not be the global 
optimization due to limited amount of tests fulfilled. 
This article makes the first attempt to use the  
Newton-Raphson algorithm, a useful method in solving 
the engine balance equations[8], to solve the multi-goal 
optimization problems about stable mode transition for 
the tandem turbo-ramjet engines. There have been lots 
of other optimization algorithms, such as constrained 
optimization method, layered sequence optimization 
method, evaluation function optimization method, 
gradual optimization method, goal programming opti-
mization method and otherwise[9-16]. Compared to these 
methods, the algorithm proposed by this article has the 
following advantages: 
(1) Obviating the needs for evaluation function. In 
addition, the decision makers’ expected value for each 
goal could be definitely expressed by equations. 
(2) Using a unified computing platform to solve the 
above-said four-goal optimization equations and the 
engine equation thereby helping shorten the time for 
solution searching. 
(3) Allowing decision makers to flexibly adjust the 
value of each goal to speed up the convergence of the 
solution when the multi-goal programming problem 
has conflicting goals. 
Open access under CC BY-NC-ND license.
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2. Tandem Turbo-ramjet Engine Configuration 
In a tandem turbo-ramjet engine, the turbofan mode 
and the ramjet mode could share the 2D mixed com-
pressed inlet, common bypass, ramjet burner and the 
2D rectangle convert-divert nozzle, which lead to con-
siderable decrease in size and weight of engine. Fig.1 
presents the flight mission profile and flight trajectory 
of a hypersonic civil aircraft under study. Five variable 
geometries plus the controls of turbofan fuel and the 
ramjet fuel are adopted in the variable cycle tandem 
turbo-ramjet engine structural system to guarantee the 
stable and efficient operation of engine throughout the 
wide flight range. Fig.2 illustrates the flow path of the 
tandem turbo-ramjet engine which has five functions as 
follows: 
(1) Mode selector valve (MSV) is used to adjust the 
mass flow rate between the turbo mode and the ramjet 
mode. When the turbo mode operates, it is closed down 
to guide all inlet air to the turbofan engine. When the 
mode transition and the ramjet mode come into work, 
MSV is opened up to allow the air to flow into the 
ramjet bypass. 
(2) Front variable area bypass injector (FVABI) is 
designed to control the static pressure at the fan bypass 
exit by adjusting the FVABI area in order to prevent the 
flow from recirculating to the ramjet bypass. 
(3) Variable guide vane of low pressure turbine 
(LPTVG) exerts influences upon the flow distribution 
between the bypass and the core engine. It is opened up 
to allow more flow into the high pressure compressor, 
thereby meeting the rigor thrust requirements for high- 
altitude and high-speed operations. During a plane’s 
takeoff, it is closed down to increase the bypass ratio 
and lower the exhaust velocity for noise reduction. 
(4) Rear variable area bypass injector (RVABI) is 
used to optimize the fan operating line by adjusting the 
flow static pressure at the common bypass exit. 
(5) Variable exhaust nozzle throat area A8 is designed 
to satisfy the different flow requirements in the wide 
range of the flying envelope. 
 
Fig.1  Flight mission profile and flight trajectory of a hy-
 personic civil aircraft. 
 
Fig.2  Air/gas flow path in a tandem turbo-ramjet engine. 
3. Design Problems with Tandem Turbo-ramjet En-
gines 
3.1. Operation point selection for tandem turbo-ramjet 
engine mode transition 
For tandem turbo-ramjet engines, the specific fuel 
consumption (SFC) and the specific thrust Fs are the 
two most important factors that decide the mode transi-
tion operation point. Fig.3 presents the comparisons in 
terms of SFC and Fs against Mach number between the 
two modes along the flight trajectory on condition that 
the engine operates safely. It can be seen from the fig-
ure that the SFC of the turbofan mode is always lower 
than that of the ramjet mode when Mach number 
ranges from 2.5 to 3.6, but the difference decreases as 
Mach number increases. In contrast, in parallel with the 
Fs of the turbofan mode increasing as Mach number 
increases, Fs of the ramjet mode decrease; both inter-
secting at the point denoted by Mach number 3.0 and 
altitude H 21 km. This is the mode transition point. It is 
noted that high specific thrust is more important than 
low specific consumption because the engine must op-
erate in climbing state before reaching the hypersonic 
cruising state and high specific thrust helps to enhance 
the engine climbing ability given a constant engine size. 
For this reason, the operation point for the engine mode 
transition should be selected as Ma = 3.0, H = 21 km. 
Thus, the turbofan mode operates from takeoff to 
reaching Mach number 3.0 and the ramjet mode from 
Mach number 3.0 up to Mach number 5.0. 
 
Fig.3  Performance comparison between two modes along 
flight trajectory. 
3.2. Parameters at turbofan mode design point 
The design point of the turbofan mode is selected as 
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Ma = 3.0, H = 21 km out of the consideration that the 
rigor thrust requirements should be met for Mach 
number 3.0 and the stability of the turbofan/ramjet 
mode transition.  
Table 1 lists the design parameters of the turbofan 
mode. The main cycle parameters of the turbofan mode 
include turbine inlet temperature, bypass ratio and fan 
pressure ratio, etc. As high turbine inlet temperature is 
beneficial to increasing the engine specific thrust, 
2 000 K is selected to be the turbine inlet temperature 
based on the present advanced levels of aeronautical 
materials and cooling technology. Now totally 24% of 
airflow into the high pressure compressor is used for 
cooling the hot components of engine. The bypass ratio 
is selected to be 0.7 as the result of trade-off between 
the high specific thrust and the low nozzle exhaust ve-
locity V9 required by low noise level.  
Table 1 Design parameters of turbofan mode 
Parameter Value Parameter Value
Mach number 3.0 Cooling air ratio 0.24 
Altitude/km 21.0 Turbine inlet tempera-ture/K 2 000
Bypass ratio 0.7 Burner efficiency 0.995
Fan pressure ratio 1.30 Burner total pressure loss coefficient 0.06 
Fan efficiency 0.84 High pressure turbine efficiency 0.85 
Compressor efficiency 0.84 Low pressure turbine efficiency 0.88 
Compressor pressure 
ratio 3.10 
Bypass total pressure 
loss coefficient 0.04 
 
Fig.4 presents the specific thrust prediction against 
the total pressure ratio t when the turbine inlet tem-
perature is kept 2 000 K. From the figure, it can be seen 
that the highest specific thrust peaks at the total pres-
sure ratio equal to 4. Also, the engine thrust declines 
with the total pressure increasing. The reason behind it 
is that, when the air inlet temperature reaches 604 K at 
Mach number 3.0, low pressure ratio is favorable for 
adding more heat into the gas to increase the work 
output because the gas temperature rising through the 
burner is limited by the engine safety. Thus the design 
value of the total pressure is chosen to be 4.1. The fan  
 
Fig.4  Predicted specific thrust against total pressure ratio at 
turbofan design point. 
pressure ratio is fixed to be 1.3 to avoid flow recircula-
tion, during the mode transition, in the mixed zone at 
the front variable-area bypass injector. The other design 
parameters of the engine are determined in conformity 
with the present advanced levels of aeroengines and the 
materials. 
3.3. Parameters at ramjet mode design point 
The ramjet mode begins to operate when the plane 
reaches H = 21 km and Ma = 3.0, and after its climbing 
to H = 28 km and reaching Ma = 5.0, it turns into hy-
personic cruising. Thus, the design point of the ramjet 
mode is set to be the hypersonic climb operation point, 
i.e., Mach number 5.0 and altitude 28.3 km since the 
plane spends most time in the Mach number 5.0 cruis-
ing range. As the only cycle parameter of the ramjet 
mode, the ramjet afterburner outlet temperature should 
be as high as possible in order to increase the specific 
thrust and decrease the SFC. Thus the ramjet after-
burner outlet temperature is set to be 2 100 K in line 
with the present level of ramjet engine technique. Table 
2 presents the design parameters at the ramjet mode 
design point. 
Table 2 Design parameters at ramjet mode design point 
Parameter Value Parameter Value 
Altitude/km 28.3 Ramjet afterburner outlet temperature/K 2 100 
Mach number 5.0 Ramjet afterburner efficiency 0.99 
Mode Climb
Ramjet afterburner 
total pressure loss 
coefficient 
0.022 
Air mass flow 
rate/(kg·s1) 320 
Ramjet afterburner 
inlet Mach number 0.05 
Ramjet bypass inlet 
Mach number 0.1 
Ramjet afterburner 
outlet Mach number 0.068 
4. Multi-goal Program Research in Mode Transi-
tion Process 
4.1. Planned steps 
During the turbofan/ramjet mode transition, five 
variable geometries plus the turbofan fuel flow control 
and the ramjet fuel flow control are adopted to avoid 
any instability caused by, for example, surge in the fan 
and compressor, recirculation in the ramjet bypass and 
flame out in the ramjet burner. To meet the above- 
stated requirements, the process is so designed that it is 
divided into four steps[2-3] (see Fig.5) as follows: 
(1) Making the turbofan mode operate at Mach 
number 3.0. 
(2) Closing down FVABI to increase the flow velo- 
city at the fan bypass exit and reducing the flow static 
pressure. 
(3) Opening up MSV a bit to let part of airflow of 
engine through the ramjet bypass without recirculation. 
(4) Keeping the thrust and total air mass flow rate of 
engine almost constant of engine by increasing the ramjet 
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fuel flow and decreasing the ramjet fuel flow to the idle 
state of the turbofan mode without any instability. 
 
Fig.5  Steps during mode transition process. 
4.2. Optimization goals 
In order to simulate the mode transition process, a 
nonlinear transition performance model for the multi- 
variable turbo-ramjet engine has been developed and 
put on test. This model has taken account of the com-
ponent characteristics at rig test[4-6], inertia moment of 
the rotors and dynamic response time of the variable 
geometries[7]. 
According to the control law of the variable geome-
tries, the fuel flows of both turbofan and ramjet should 
be optimized at each step in the mode transition process 
to achieve following goals: 
(1) Keeping the total airflow and thrust of engine 
almost constant. 
(2) Attaining enough surge margin for the fan and the 
compressor to avoid engine stall. 
(3) Ensuring the flow velocity at the ramjet burner 
inlet so low as to prevent flame instability. 
(4) Attaining positive recirculation margin to avoid 
flow recirculation at the ramjet bypass.   
The recirculation margin (RM) is defined by Eq.(1), 
where p2IIs stands for the static pressure of the ramjet 
bypass intake, p3IIs the static pressure of the fan bypass 
exit (see Fig.6). A positive recirculation margin implies 
a positive flow potential across the mode selector valve 
without recirculation[4]. 
RM = ( p2IIsp3IIs )/p2IIs               (1) 
 
Fig.6  Definition of recirculation margin. 
4.3. Optimization problems 
The optimization problems in various steps during 
the mode transition contain: 
(1) The first step is the preparation step for the mode 
transition considering the delay response of the variable 
geometry. Before opening MSV to let the air through 
the ramjet bypass in the next step, it is necessary to 
close down FVABI and open up RVABI in advance to 
guarantee positive recirculation margin. Thus, the ad-
justment value of these two variable geometries is set 
to be the same as what will be needed in the third step. 
Then, in the second step, the optimization problem to 
be solved is how to adjust A8 and ramjet fuel flow to 
keep the thrust and the total airflow of engine almost 
constant after the adjustment values of FVABI and 
RVABI are given. It is an optimization problem with 
two goals and two variables involved. 
(2) In the third and fourth steps, the problems to be 
solved is when MSV opens and the turbofan fuel flow 
decreases by a certain schedule and how to maintain 
constant thrust, constant total air flow of engine, posi-
tive recirculation margin and total pressure difference 
within 5% between the two streams at the rear mixing 
zone by means of the combined adjustment of A8, 
FVABI, RVABI and ramjet fuel control. Consequently, 
it is an optimization problem inclusive of four goals 
and four variables. 
4.4. Newton-Raphson multi-goal programming al-   
gorithm 
The common multi-objective optimization methods 
include constrained optimization method, layered se-
quence optimization method, evaluation function opti-
mization method, gradual optimization method, goal 
programming optimization method and otherwise[8-13]. 
The idea of goal programming is more fit for the cases 
of solving the above multi-objective optimization 
problems with multi-variables. Taking the fourth step 
as an example, the optimization goals can be converted 
into the corresponding goal values as follows: 
(1) The goal to keep the total airflow of engine con-
stant can be converted into Z0 = (WtotalWbefore)/Wbefore = 0, 
where Wtotal is the engine total air mass flow rate during 
mode transition and Wbefore the engine total air mass flow 
rate before mode transition. 
(2) The goal to keep the thrust of engine constant can 
be expressed by Z1 = (FtotalFbefore)/Fbefore =0, where Ftotal 
is the thrust during mode transition and Fbefore the thrust 
before mode transition. 
(3) Rather than searching for the maximum positive 
recirculation margine, the goal to seek positive recircu-
lation margin can be converted into definite goal values, 
i.e., Z2 = RM = 4%, 6%, 8%, 12%. It is necessary to 
find a compromise between the proper recirculation 
margin and the proper adjustment range of the variable 
geometries. Thus, to choose the goal value depends on 
whether the corresponding adjustment values of the 
geometries are within the proper adjustment range. 
(4) The goal to keep the total pressure difference 
within 5% between the two streams at the rear mixing 
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zone can be expressed by Z3 = ( p5p16)/p5 = 0, where p5 
indicates the total flow pressure at the common bypass 
exit, and p16 that at the low pressure turbine exit. 
The common multi-objective programming algo-
rithm includes graphic method, sequence linear pro-
gramming method and interactive multi-objective ge-
netic algorithm[8-10]. The graphic method is fit for the 
cases of solving the linear optimization problems 
thanks to its simplicity. However, it is unfit for the case 
of solving the optimization problems containing im-
plicit function equations. As a derivation of the simplex 
method, the sequence linear programming method is 
mainly used to solve the linear optimization problems. 
The interactive multi-objective genetic algorithm is 
new in its ability of guiding the genetic search on the 
basis of the imprecise goal weight ratio derived from 
the interactive optimization by decision makers. Char-
acteristic of its global search for the optimal solution, 
this method still requires evaluation function design, 
which is difficult to design once the number of optimi-
zation goals exceeds three. Therefore, it is still unfit for 
being used to solve the optimization problems in the 
mode transition. 
Thus, in order to efficiently solve the aforesaid four- 
goal programming problems including four variables, 
the Newton-Raphson algorithm, a useful method in 
solving the engine balance equations[9], is resorted to 
find the optimization solution. The above-stated four 
goal values can be converted into four corresponding 
equations: 
0
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0
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0
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where  is the value of recirculation margin. 
Eq.(3) shows the corresponding variables˖ 
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 
 
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          (3) 
where FVABI/FVABIds means the normalized FVABI, 
RVABI/RVABIds the normalized RVABI, A8/A8,ds the 
normalized A8, and Wfram/ Wfram,ds the normalized ramjet 
afterburner fuel flow. 
4.5. Verification of effectiveness of Newton-Raphson 
goal programming algorithm 
The Newton-Raphson goal programming algorithm 
serves to solve the optimization problems in the fourth 
step, where four different goal values including 4%, 6%, 
8% and 12% are selected for . The iteration number of 
this algorithm in the fourth step is 160. Table 3 lists the 
programming results, from which, it is clear that the 
maximum residua of the four equations is less than 
0.06%. This is a testament to the effectiveness of the 
Newton-Raphson goal programming algorithm in find-
ing the solution to this optimization problem. From the 
same table, it could also be seen that the adjustment 
value of the normalized FVABI decreases from 0.234 1 
to 0.187 8 when the recirculation margin increases 
from 4% to 12%. Then, the expected goal value of the 
recirculation margin is set to be 8% considering the 
proper adjustment range of FVABI. 
Similarly, the optimization problems in the other 
steps can be solved with the Newton-Raphson algo-
rithm. 
Table 3 Goal programming results with Newton-Rapshon 
algorithm in the fourth step 
Parameter Value 
/% 4 6 8 12 
X0 0.234 1 0.217 7 0.205 3 0.187 8 
X1 2.690 1 2.679 9 2.670 1 2.668 8 
X2 1.307 9 1.306 0 1.308 0 1.218 1 
X3 0.710 6 0.708 7 0.710 4 0.706 8 
Z0 0 0 0 0 
Z1 0.000 6 0 0.000 2 0.000 5 
Z2 0 0.000 1 0.000 3 0 
Z3 0 0 0.000 1 0.000 1 
5. Transient Simulation in Mode Transition Process 
The adjustment of the variable geometries and the 
fuel flow control in each step could be carried out with 
the help of the control law derived by the New-
ton-Raphson goal programming algorithm. Fig.7 pre-
sents the transition control law for the turbofan/ramjet 
mode transition, where Wfturbo/Wfturbo,ds is the normalized 
turbofan combustion chamber fuel flow. Then, verifica-
tion by the transition simulation from turbofan mode to 
ramjet mode is performed. Fig.8 presents the simula-
tion results, where Wturbo denotes the air mass flow rate 
through the turbofan, Wram the air mass flow rate 
through the ramjet bypass, N2zh the corrected rotor 
speed in the high pressure compressor, N1zh the cor-
rected rotor speed of the fan, Ma7 the flow Mach num-
ber at the ramjet burner inlet, SMcompr the compressor 
surge margin, and SMfan the fan surge margin. From 
Fig.8, it can be concluded that: 
(1) Constant positive recirculation margin can be 
guaranteed, which means that the flow recirculation at 
the ramjet bypass might be avoided in the mode transi-
tion process. 
(2) The total airflow of engine can be kept almost 
constant to abandon any extra adjustment at the inlet in 
the mode process. 
(3) Almost no thrust fluctuation occurs during the 
mode transition. 
(4) The flow Mach number at the ramjet burner inlet 
varies in a narrow range from 0.29 to 0.32, which con-
tributes to the ramjet flame stability. 
(5) The surge margin of fan and compressor is 
greater than 30%, which indicates that no engine stall 
would occur in the mode transition process. 
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(6) According to the flight performance simulation, it 
takes only 25 s to finish a mode transition. This meets 
the requirements posed by climbing flight of a hyper-
sonic civil aircraft[17]. 
Thus, the simulation testifies to it that smooth turbo-
fan/ramjet mode transition could be realized with the 
multi-variable control law derived by the Newton- 
Raphson goal programming algorithm. 
 
Fig.7  Transition control law for turbofan/ramjet mode transition. 
 
Fig.8  Simulation of mode transition. 
  
· 492 · Chen Min et al. / Chinese Journal of Aeronautics 22(2009) 486-492 No.5 
 
6. Conclusions 
When the Newton-Raphson algorithm is resorted to 
solve the multi-goal programming problems in the tur-
bofan/ramjet mode transition, the solution displays 
strong convergence. The maximum residua that meets 
the multi-goals proves not greater than 0.06%. The 
simulation results indicate that smooth turbofan/ramjet 
mode transition can be guaranteed by the multi- vari-
able control law derived by the Newton-Raphson multi- 
goal programming algorithm. 
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